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Abstract

Geographic information system (GIS) technology is fast-developing with
an ever-increasing number of applications. Air dispersion modeling is a well-
established discipline that can produce results in a spatial context. The mar-
riage of these two applications is optimal because it leverages the predictive
capacity of modeling with the data management, analysis, and display capa-
bilities of GIS. In the public health arena, exposure estimation techniques are
invaluable. The utilization of air emission data, such as the US Environmental
Protection Agency’s Toxics Release Inventory data, and air dispersion model-
ing with GIS enable public health professionals to identify and define a po-
tentially exposed population, estimate the health risk burden of that
population, and determine correlations between point-based health outcome
results and estimated health risk.
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Introduction

The federal Agency for Toxic Substances and Disease Registry (ATSDR) is often
charged with investigating past exposures to determine their associations with health
outcomes observed within specific communities. The task often requires the use of in-
formation specific to a given locality, namely: toxic substance release data, topograph-
ical data, land use data, meteorological data, mathematical modeling data, population
density data, demographic data, and health outcome data. Proper evaluation and cor-
relation of these data are essential to reveal possible associations between observed
health effects and chemical exposures. This paper details a technique by which air dis-
persion model results are integrated with other spatial datasets on a geographic infor-
mation system (GIS) platform. Once the component datasets are gathered, they can be
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analyzed using standard GIS functions to provide support for interpretation of site data
and evaluation of exposure hypotheses.

Public Health Context
The analytical technique explained in this paper will be showcased in the context of a
public health concern brought on by environmental contamination. The public health
concern existed at a US Air Force base charged with the management and maintenance
of aircraft engines, weapons systems, support equipment, and aerospace fuels. The base
hosted, maintained, and repaired various jet aircraft. Specific activities that were po-
tential sources of off-site air contamination included painting, chrome plating, fueling,
and fuel storage. Members of the community neighboring the base expressed concern
about fuel vapor and other odors, and questioned the relationship between the odors
and the occurrence of health effects such as nausea, headaches, difficulty breathing, and
cancer.

Integration Technique
The technique integrates conventional air dispersion modeling with GIS technology.
The marriage of these two technologies is appropriate because it takes advantage of
each component’s strengths—the high-powered, predictive capacity of computer mod-
els and the editing, data handling, and interpolation capabilities of GIS (1). This paper
first explains the basics of air dispersion modeling, including its development, uses,
and advantages. Next, it outlines the rise of GIS technology and investigates a variety
of GIS applications. Finally, this paper concludes with a discussion of the integration of
air dispersion modeling results with other spatial data on a GIS platform.

Introduction to Air Dispersion Modeling

Air dispersion modeling is a predictive method used to estimate the concentrations of
pollutants in the atmosphere resulting from point or nonpoint atmospheric emissions.
It takes into account various factors that can affect a substances’s concentration in a
plume as it migrates through the air. These influential factors include gravity, meteoro-
logical conditions, and chemical reactions. Among a variety of other purposes, air dis-
persion models have been used to:

• Design stacks to minimize the nuisance from pollutants at ground level
• Calculate when odors might be expected
• Determine the needed removal efficiency of air pollution control equipment
• Plan for emergency response to accidental releases
• Determine the acceptable levels of operation of air pollution generating facilities

(2)

The regulatory role of air dispersion models has gained great significance because ju-
dicial rulings in 1977, 1978, and 1980 have upheld the Clean Air Act Amendment of
1977, which states that a modeled air pollution violation is just as valid as a sampled
violation (2).

The Creation of Air Models
Air dispersion models are semiempirical—they are in part derived from basic
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principles and in part derived from measured data. Specifically, an air dispersion model
is developed by measuring both emissions and meteorological conditions and moni-
toring contaminant concentrations at various points downwind of the source. These
data are then correlated to find a mathematical model equation that provides the best
fit. The resulting model is validated through rigorous testing at various combinations
of known emissions and meteorological conditions. Although the mathematics of the
model greatly affect its successful prediction of a substance’s concentration, the quality
of the input data also has a great impact on the results (2).

Advantages of Air Dispersion Modeling

The use of air modeling is advantageous for a variety of reasons, including the
following (3):

• Models can be used to estimate a substance’s concentration 24 hours a day for
any time period for which both emissions and meteorological data exist.

• Models can account for deposition from particulate matter settling to the
ground, as well as depletion resulting from the substance’s reaction with sun-
light and other materials.

• Models can be used to estimate the level of various substances existing in the
ambient air as a result of emissions from a single source or multiple sources.

• Models can average short-term fluctuations in emissions and meteorological
conditions, resulting in a long-term average.

• Models can estimate a substance’s concentration at an unlimited number of
locations.

Conversely, conventional air sampling can be limiting for a variety of reasons, in-
cluding the following:

• Sampling measures substances arising from many and varied sources in the
area; it cannot determine the effects of a single facility.

• Sampling results are based on conditions at the time of the sampling event.
These conditions could be an extreme and not represent average conditions (3).

• Sampling efforts can be very expensive.

Geographic Information System Technology

GIS technology provides an excellent platform upon which different types of spatially
referenced data can be united for analysis and display purposes. Prior to the advent of
GIS technology, many operations that involved the concerted utilization of datasets de-
rived from different sources and in different formats were carried out using a “push-
pin” approach in which hard-copy maps were generated and overlaid upon one
another. The approach was both costly and time-consuming and often yielded substan-
dard results. This type of spatial analysis harkens back to a map by French military
leader and cartographer Louis Alexandre Berthier (1753–1815) that was composed of
hinged overlays showing troop movements during the 1781 Siege of Yorktown (4). In
the 1960s, Dr Roger Tomlinson of the Canada Geographic Information System (CGIS)
developed the first computer-based GIS (5). CGIS was designed to store, manage,
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analyze, and manipulate spatial data in an effort to assess the productivity of Canadian
farmland.

The arrival of high-powered computers in the 1980s facilitated the proliferation of
GIS applications in a variety of different disciplines. It has been estimated that over 80%
of the world’s data have a spatial component. These spatial components could include
an address in a database, coordinates in sampling data, or a zip code in sales data. GIS
has been used to manage county tax records, route delivery and emergency vehicles,
perform site selection based on many parameters, manage utility networks, and de-
velop strategies to address problems such as crime, urban sprawl, and environmental
degradation. 

Elements of a GIS
The process of developing a GIS includes data acquisition and preprocessing; data man-
agement, manipulation and analysis; and product generation (4). Data acquisition is
often the most expensive and time-consuming element in utilizing GIS technology.
Issues involved in this phase of development include data accuracy, scale, and meta-
data. Metadata is a written detailed description of the data similar to engineering spec-
ifications. Preprocessing, or the machinations necessary to convert data to a digital
format and integrate it with other spatial data, often involves elements such as digitiz-
ing and quality assurance and control procedures. As with air dispersion modeling ef-
forts, the successful use of GIS technology depends much upon the datasets used and
the methods used to automate those datasets. Thus, data management, including stor-
age and documentation, is key to a GIS project. During the manipulation and analysis
phase, the data are used to get results and make decisions. It is important to remember
that GIS is a tool—a flexible, easy to use tool—but, still, only a tool. The application or
effective use of GIS is key to the success of a GIS enterprise. Gigabytes of spatial data
are of no value to any organization if that information is not used. Finally, product gen-
eration involves the transmittal of results produced by GIS to the people who need
them. These results may be delivered as a conventional paper map or digitally via
diskettes, intranet, or Internet. Whereas the paper map is static, a digital map can be
dynamic because it can contain a greater amount of information. This allows the map
reader to define the map message by selecting different map scales or different data to
display.

Integration of Modeling Results on a GIS Platform

Typically, GIS and air dispersion modeling software are separate packages often writ-
ten in different languages. Therefore, the question arises as to how the air dispersion
modeling results can be most effectively integrated with other spatial data on a GIS
platform. Models for the integration of modeling results and GIS data include full inte-
gration, loose coupling, and tight coupling (Figure 1) (1). Full integration means that the
calculations performed by the model are encoded in a high-level language packaged
with the GIS software, such as ARC/INFO’s Arc Macro Language (AML) or ArcView’s
Avenue (Environmental Systems Research Institute, Redlands, CA). Loose coupling in-
tegration consists of uniting the systems at predefined end points. For example, the
data would first be processed using air modeling software, then the results would be
used in a GIS package. Tight coupling integration involves the development of a user
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interface that allows users to access both the model software and the GIS package using
one graphical user interface (GUI). An application built on the tight coupling concept
gives the illusion that one software package is being used when, in reality, the GIS pack-
age and the modeling program are being used separately in concert with each other. 

The work discussed in this paper uses loose coupling because loose coupling pro-
vides a faster implementation time than tight coupling and with the same results. If, in
the future, this process needs to be used on a repetitive basis, it may be worth the time
to develop a tight coupling integration application. In such a case, the investment in de-
velopment time and effort would be offset by the speed and efficiency with which the
task could then be carried out.

GIS Datasets
Use of air dispersion model results with other GIS spatial datasets on a GIS platform is
at the heart of the work discussed here. This section discusses the spatial datasets that
were compiled and integrated with the air dispersion model results. The conditions at
the site and the goal of ATSDR in its investigation have warranted the use of various
datasets. These include aerial photography, 1995 TIGER/Line files, and US Census de-
mographic data.

Aerial Photography
Aerial photography can be gathered from a variety of data sources. Although image
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Figure 1 Integration strategies (1).

D A T AD A T A D A T AD A T A

G U I

OUTPUTOUTPUTOUTPUT

GIS package with 
algorithm for model 
calculations included 
within.

Model GIS

GISModel

Full Integration Tight CouplingLoose Coupling

Key:                     = Data Stream



processing techniques provide many ways to view and manipulate aerial photography,
the authors used it here primarily for orientation purposes.

TIGER/Line Data

Topologically Integrated Geographically Encoded and Referencing (TIGER/Line) files
(6) are spatial datasets compiled by the US Census Bureau that include base map fea-
tures for all areas of the United States. These features include roads, rivers, water bod-
ies, political boundaries, and cultural features (schools, parks, and hospitals). GIS data
consisting of on-base features in large scale were obtained from the engineering divi-
sion of the Air Force base; however, the aerial extent of the analysis to be performed re-
quired more extensive use of the TIGER/Line files.

US Census Demographic Data

ATSDR’s work depends heavily on demographic information when analyzing environ-
mental contamination and the potentially related health effects. Specifically, obtaining
the raw numbers of people in an area and the numbers of people who are in high-risk
groups (children, the elderly, and women of reproductive age) is critical. The US Census
provides this type of data along with an abundance of other information on socioeco-
nomic variables. For analysis at the Air Force base, block-level spatial data and demo-
graphic data were compiled. This information was dynamically integrated with the
model-based results data in the GIS analysis phase of the project.

Integration Technique

ATSDR used the most recent version of the US Environmental Protection Agency’s
(EPA’s) Industrial Source Complex Short Term air dispersion model, version 3 (ISCST3),
to estimate emissions from the Air Force base. EPA developed the ISCST3 model pri-
marily for determining if air emissions sources meet state and federal air quality stan-
dards (7). The ISCST3 model allows the refinement of results through the use of
additional parameters such as building height, source temperature, particle size, and
decay rate. When modeling the emissions from the Air Force base, ATSDR did not spec-
ify the values for these additional parameters. The default values were deemed appro-
priate because the potential improvement of the results arrived at through the setting
of these parameters was considered to be negligible when compared to the uncertainty
of the input parameters.

The model was run on 7,016 inputs (sources and multiple chemicals from each
source) from the Air Force base emission inventory for a variety of carcinogenic com-
pounds. This inventory, which is similar to EPA’s Toxics Release Inventory (TRI), con-
tains an emission rate in grams per second for each emitted air pollutant from each
source. The model estimated concentration values for a uniform grid of 5,100 points
spread evenly across the 446-square-kilometer study area at 300-meter intervals. Five
years of meteorological data were averaged to form the meteorological component. The
results included the coordinates for each modeled point, the average compound con-
centration estimate at each point, and the number of hours for which the compound
concentration values were estimated.

A GIS point file for each of the modeled contaminants was created. One point in the
GIS file exists for each modeled grid point in the original air model output. Thus, the
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spatially referenced modeled output dataset can now be integrated with other spatial
datasets (Figure 2).

Map Projections

The air dispersion model produces contaminant values at grid intersections of a
Cartesian coordinate system. This coordinate system is a two dimensional representa-
tion of the earth’s surface. The coordinate system is derived from a map projection that
is a mathematical method for representing the features of the spherical surface of the
earth on a planar map. GIS datasets can be stored using a variety of different map
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Figure 2 Locations of points at which the model generated a concentration estimate (3).
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projections. For datasets to be integrated, however, it is imperative that they are stored
in the same projection. Therefore, the integration of air dispersion modeling data in-
volves the reprojection of data from the original map projection to the projection of the
remaining datasets. In this case, the GIS point file was projected from the Texas State
Plane South Central coordinate system (based on the Lambert conformal conic projec-
tion) to the Plate Carree projection. After the importation and reprojection have been
accomplished, the modeled datasets can be analyzed in concert with existing data.

Applicable GIS Processes

Once data have been integrated into a single digital map on a GIS platform, several spa-
tial processes are available for analyzing the information. For instance, contours can be
generated from values at point locations by a variety of interpolation techniques.
Kriging is considered the optimal method of spatial linear interpolation. Kriging is a
logarithmic method in which the mean is estimated from the best linear-weighted mov-
ing average (8). For the work presented in this paper, the authors used kriging to gen-
erate contours from the air dispersion modeling data because logarithmic interpolation
is more consistent with the natural distribution of contamination.

Contours developed with kriging can be used to generate polygons that, in turn,
can be used in additional GIS analysis, such as the area-proportion technique. The area-
proportion technique is an excellent example of the use of GIS to analyze disparate
types of data to get results. It is essentially a “cookie-cutter” operation that estimates
values within a polygon based on values of polygons in another data layer. For in-
stance, the number of people living within a contour generated by kriging could be es-
timated based on the number of people living in census blocks in the same area. For
cases in which the contour polygon crosses the census blocks, a simple proportion of
the area of the census blocks lying within the target polygon is used to compute popu-
lation numbers (Figure 3). The area-proportion technique assumes an even distribution
of population (or whatever is being estimated) and, therefore, might result in a certain
amount of measurable error. For example, the area-proportion technique assumes that
the population within a census block is evenly distributed throughout the block. Thus,
if a contour polygon encompasses 50% of a block it is assumed that 50% of the popula-
tion of that block lives within the contour polygon. However, because population is
rarely evenly distributed across an area, the area-proportion technique results in some
amount of error. For example, if all of the population living in a census block that the
contour polygon boundary intersects actually live outside the contour polygon, then the
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Figure 3 Area-proportion technique illustrated.

16

16 32

48

8

16

The value associated with the 
grey square can be computed by: 

(32/4) + (8/4) + (48/4) + (16/4) =  26



area-proportion estimate is high. Conversely, if all of the population living in a census
block intersected by the contour polygon boundary actually live inside the buffer poly-
gon, the area-proportion estimate is low. The size of the error generated by the area-pro-
portion technique depends on:

• The number of reference polygons (e.g., census blocks) used to compute the
estimate

• The size of the reference polygons

The application of the area-proportion technique is an excellent way to begin explo-
ration of disparate datasets using GIS.

Public Health Applications

After all datasets have been melded in a GIS format, many avenues of data exploration
are open to public health professionals. As stated earlier, ATSDR’s goal is to evaluate
the potential detrimental effects of air releases on the neighboring populations. This
goal provides the impetus for integrating air dispersion modeling data with existing
spatial datasets.

Calculation of Cancer Health Risk
The additional cancer health risk to a population can be estimated by multiplying the
EPA’s cancer inhalation slope factor (unit risk) by the average annual concentration pre-
dicted by the model. This estimate is considered a screen because it is a worst-case con-
servative estimate and indicates which segments of the population of interest can be
eliminated from further analysis and which segments require more refined analysis.
Segments of the population requiring further analysis can be more accurately identified
using this integrated approach, not only as to physical location, but also as to demo-
graphic composition. This process would allow a more site-specific approach to account
for the prevalence of more sensitive subpopulations. This refined information can also
be used to identify residents for information mailings and notifications, solicitation of
information, and clinical intervention or medical monitoring.

Refinement of the Exposed Population
Without the use of modeling (or sampling), public health professionals are tied to ob-
solete methods for estimating the exposed population. For instance, some organizations
might have specified that a population living within a uniform distance of a site bound-
ary is the “exposed population.” Population estimates derived in this manner are often
substantially different from the actual exposed population. Modeling allows the refine-
ment of size, location, and demographic composition of an exposed population. In the
example shown in Figure 4, air dispersion modeling has resulted in a smaller exposed
population than the estimate arrived at using the uniform distance technique (Table 1).
Furthermore, the population derived from air modeling is distributed across a slightly
different area.

Correlation with Point-Based Health Outcome Data
Often health professionals can obtain spatially referenced health outcome data for
specific populations. Such a dataset would include the coordinates of a residence or

USING GIS TO STUDY THE HEALTH IMPACT OF AIR EMISSIONS 541



workplace of an individual and the health outcome exhibited by that individual.
Obtaining such data is often made difficult because of confidentiality issues; however,
when they can be obtained, they can be successfully integrated with GIS data (such as
air dispersion modeling results).

After the coordinates are imported into a GIS package, the health outcome points
can be correlated with the contours of elevated health risk. This type of analysis can in-
dicate if there is a potential association between a modeled exposure level and a re-
ported health outcome. However, many other issues related to the makeup of the
population must be considered. These critical elements include, but are not limited to:

• Length of residence
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Table 1 Estimates of Population Exposed to Perchloroethene (Unnamed Air Force Base)

Area of Estimation Total Populationa

Population within 1 mile of site boundary 50,861

Population within 1/10,000 risk contour 26,033

a Computed by area-proportion technique.

Source: (3,6)

Figure 4 Exposed population estimation methods.
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Source: ATSDR, 1998.
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• Potential occupational exposure
• Potential residential exposure
• Genetics
• Socioeconomic status
• Lifestyle (e.g., smoking and nutrition)

Each of these elements can have an effect on the interpretation of health outcome
data. For example, length of residence is considered because cancer development usu-
ally involves a latency period of many years. Therefore, if a person in the community
of interest developed a cancer, but had only lived in the community a short time, it
would be unlikely that the cancer development occurred as a result of an exposure in
the community of interest.

Correlation Methods
At this time, the health outcome data based on the residence location of reported cases
have not yet been compiled for the project discussed in this paper. Nonetheless, the
analysis will generally proceed as follows.

In determining the correlation of health outcome points with a cancer risk contour,
five properties of the distribution of point features are pertinent. These are:

• Frequency: Number of occurrences
• Density: Number of occurrences per unit area
• Geometric center: Means of x-y coordinates
• Spatial dispersion: Standard deviation of the means of x-y coordinates
• Spatial arrangement: “Pattern” of the points, can be clustered, random, or

scattered (8)

Based on the distribution of cancer case points in the vicinity of the study area, a
judgement can be made on the potential association of the cases with the cancer risk
contour. This judgement is just one factor in a weight-of-evidence approach that evalu-
ates all relevant data, rather than a purely quantitative approach in which assumptions
and uncertainties are often not represented (9).

The properties of point distribution can be utilized to evaluate the distribution of
cases in many and varying ways. For instance, density can be used to establish associ-
ation when the point density inside a critical contour is higher than the point density
outside the contour. However, this measure should not be taken by itself. It must be
normalized by population to yield a valid assessment. Furthermore, the spatial arrange-
ment must be evaluated to completely assess the exposed population. For example, the
clustering of cases at one or more points within the critical contour might be related to
the location of a retirement or assisted-living home, not the exposure of a population to
carcinogens. Finally, a comparison of the spatial arrangement of the cases inside and
outside the critical contour can be enlightening. A marked difference (Figure 5), in
which a scattered pattern exists inside the critical contour and a random or clustered
pattern exists outside, could be an indication of a potential association of cases with
chemical or substance exposure.

The distribution of cancer point cases can also be used to eliminate any association
and accompanying public fears. For example, if the majority of cases lie outside the crit-
ical contour, it would be safe to infer that the polluter might not be emitting quantities
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of pollutants in a sufficient amount to be dangerous. In addition, as illustrated in
Figure 6, a pattern that remains the same inside and outside the critical contour
indicates that the cases may not be associated with exposure. Finally, a uniform density
(normalized by population) can also be a reason to conclude that emissions may not be
a factor in the health outcome.

The key to evaluation of case locations in the context of a critical risk contour is to
consider the totality of many elements including, but not limited to, spatial distribution
of points, population density, and population characteristics.

Conclusion

GIS is a fast-developing technology with an ever-increasing number of applications. Air
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Figure 5 Positive association scenario.
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dispersion modeling is a well-established discipline that can produce results in a spa-
tial context. The marriage of these two applications is optimal because it leverages the
predictive capacity of modeling and the data management, analysis, and display capa-
bilities of GIS.

In the public health arena, exposure estimation techniques are invaluable. The use
of air emission data, such as TRI data, and air dispersion modeling with GIS, enable
public health professionals to identify a potentially exposed population, estimate the
health risk burden of that population, and attempt to correlate point-based health out-
come results with estimated health risk. As demonstrated in this paper, the GIS
platform provides a means by which air dispersion modeling results can be effectively
applied to public health studies.
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Figure 6 Negative association scenario.
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